The relative contributions of the ipsilateral and contralateral cerebellar cortex and deep nuclei to delay eyeblink conditioning have been debated and are difficult to survey entirely using typical electrophysiological and lesion techniques. To address these issues, we used single-event functional magnetic resonance imaging (fMRI) in the conscious rabbit to visualize the entire cerebellum simultaneously during eyeblink conditioning sessions. Examination of the blood oxygenation level-dependent (BOLD) response to a visual conditioning stimulus early in training revealed significant bilateral learning-related increases in the BOLD response in the anterior interpositus nucleus (IPA) and significant bilateral deactivation in hemispheric lobule VI (HVI) of the cerebellar cortex. Later in training, the BOLD response remained bilateral in the cortex and predominantly ipsilateral in the IPA. Conditioning stimulus-alone trials after conditioning revealed that both sides of HVI were affected similarly but that only the ipsilateral interpositus nucleus was activated. These results suggest that both sides of HVI normally influence the side of the IPA being conditioned and illustrate how fMRI can be used to examine multiple brain regions simultaneously in an awake, behaving animal to discover more rapidly the neural substrates of learning and memory.
Introduction
Classical conditioning of the rabbit eyeblink response has been used extensively to study associative learning (Gormezano et al., 1983) . This task pairs a neutral conditioning stimulus (CS) with an aversive unconditioned stimulus (US) that evokes an eyeblink. After repeated presentations, the subject learns to associate the two stimuli and blinks in response to the CS, before onset of the US. Combined with selective lesions or electrophysiological recordings, eyeblink conditioning (EBC) provides a well controlled paradigm for investigating neurobiological mechanisms underlying learning and memory (Lavond et al., 1993; Thompson and Kim, 1996; Wu et al., 2002) . However, these methods are invasive, examine restricted portions of the circuit at one time, and require many animals for a thorough analysis.
More recently, imaging techniques have enabled the simultaneous, noninvasive examination of the entire brain in humans. Positron emission tomography (PET) has been used to examine EBC but requires the use of radioactive tracers, which cannot be applied repeatedly, and suffers from low spatial and temporal resolution. Functional magnetic resonance imaging (fMRI), however, is suitable for repeated application and has superior spatial and temporal resolution (Ogawa et al., 1990; Buckner et al., 1996) , provided the subject is immobile. We chose the rabbit as a model subject because of its tolerance for restraint. This characteristic offers a tremendous advantage for functional imaging experiments, which require immobilization of the subject. Previous fMRI studies in animals such as the rat (Hsu et al., 1998; Yang et al., 1998; Peeters et al., 1999; Preece et al., 2001 ) have generally required anesthesia to eliminate subject motion. Our initial study (Wyrwicz et al., 2000) examined the visual system in unanesthetized rabbits and obtained fMRI images free from motion artifacts that revealed contralateral activation of the lateral geniculate nucleus and primary visual cortex. That experiment indicated that our model was sufficiently robust to be extended to cognitive paradigms for examining the neuronal substrates of learning and memory.
In this study, single-event fMRI was used in parallel with behavioral measurements during delay EBC to examine the relative contributions of the cerebellar cortex and deep nuclei and of the ipsilateral and contralateral cerebellum. The cerebellum is particularly interesting because it is thought to be the essential site for processing the CS-US association in EBC (Yeo et al., 1985a,b; Moore, 1986, 1990; Thompson, 1986) and should therefore exhibit significant changes in activity during EBC. The ipsilateral cerebellum would be expected to show activation because both the afferent input and efferent output cross the midline twice before reaching their targets. Contralateral cerebellar involvement would not be expected according to classical anatomy; however, several experiments using EBC have indicated that there is some degree of bilateral activation (McCormick et al., 1981; Lavond et al., 1994; Gruart and Yeo, 1995) , suggesting that unilateral training affects both sides of the cerebellum. Our results provide more direct evidence for the bilateral activation of cerebellar cortex and the predominant ipsilateral activation of the interpositus nucleus in intact subjects. To our knowledge, the present findings represent the first fMRI study of EBC in an animal model system.
Materials and Methods
Animals. Four Dutch Belted female rabbits (2-3 kg) were used in this study. The rabbits were surgically prepared for the experiments, as described previously (Wyrwicz et al., 2000) , which included securing four nylon restraining bolts to the skull with nylon skull screws and dental cement. The headbolt was stereotaxically implanted in the horizontal plane to position the skull with lambda 1.5 mm below bregma and was used to secure the radiofrequency (RF) coil and the rabbit's head in the same position to obtain a constant imaging angle and slice positioning among subjects. Each subject was habituated to the imaging environment before the experiments. All procedures were performed under National Institutes of Health, Evanston Northwestern Healthcare Research Institute, and Northwestern University Institutional Animal Care and Use Committee approved protocols.
fMRI data collection. All MR imaging experiments were performed using an Omega 4.7 T imaging spectrometer (GE/Bruker NMR Instruments, Fremont, CA) operating at a proton frequency of 200 MHz. This system is equipped with an Oxford horizontal magnet and an Acustar actively shielded gradient coil assembly with a clear bore of 26 cm. A flat, circular surface coil (40 mm diameter) was used for RF transmission and reception. A multi-slice, single-shot gradient echo, echo planar imaging (EPI) pulse sequence, with a repetition time (TR) of 1.1 sec, an echo time (TE) of 28 msec, and two acquisitions per image [number of acquisitions (NA), 2], was used to map brain activation. Coronal images in a plane perpendicular to the surface coil were collected from 12 slices (2.0 mm thickness) using a 56 ϫ 56 matrix size and a 52.5 ϫ 52.5 mm field of view (FOV), corresponding to an in-plane resolution of 940 ϫ 940 m. The most caudal slice was positioned tangential to the caudal edge of the cerebellar vermis as viewed in a midsagittal image of each subject on each day to ensure reproducibility between subjects. Thirty-two images were collected per trial. At the end of each session, multiple field maps were obtained using a phase-shifted EPI sequence to correct for ghost artifacts and geometrical distortion (Chen and Wyrwicz, 2001 ). High-resolution anatomic images (256 ϫ 256 matrix; 42.5 ϫ 42.5 mm FOV; 166 ϫ 166 m in-plane resolution) were obtained using a multi-slice spin echo sequence (2.0 mm slice thickness; TR of 1 sec; TE of 30 msec; NA of 2).
Stimulus generation and behavioral measurement. Reliable measurement of behavioral responses is vital to allow fMRI data to be analyzed at equivalent levels of learning across subjects that may learn at different rates. The eyelid of the stimulated eye was held open to measure movement of the nictitating membrane (NM) and to ensure activation by the visual CS; the nonstimulated eye was covered. Rabbits were provided with earplugs during the experiments to reduce noise from the gradients. The visual CS was delivered by a 2 ϫ 2 array of green light-emitting diodes (2 ϫ 2 mm, separated by 8 mm along each axis) flashing at 8 Hz. Although most EBC studies have used a tone CS, we chose a visual CS for this experiment to avoid potential complications attributable to the noise of the gradients. However, previous behavioral (Kehoe et al., 1984) and electrophysiological (Tracy et al., 2001 ) work has demonstrated that visual stimuli are effective for conditioning in the rabbit. The US consisted of a 3 psi air puff supplied by compressed air and controlled by a regulator and solenoid valve. NM movement was measured with an infrared reflectance sensor (OPR5005; Optek Technology, Carrollton, TX) positioned ϳ5 mm from the cornea. The sensor produced a voltage change proportional to the change in optical scattering caused by movement of the NM across the cornea. A conditioned response (CR) was defined as a change in the voltage from the infrared sensor that was 4 SD greater than the mean baseline amplitude and occurred at least 35 msec after onset of the CS but before the US. Eyeblink data were sampled at 300 Hz. Each subject received three sessions (30 trials per session) of pseudoconditioning, in which unpaired stimuli were presented in a random order. Subjects then received 10 training sessions in which paired, coterminating stimuli were presented. The durations of the CS and US were 900 and 100 msec, respectively. The intertrial interval was randomized between 90 and 120 sec. On the last day of training, the subjects also received 15 "memory" trials in which only the CS was presented.
Data analysis. All data were analyzed offline on a Sun Ultra 60 workstation (Sun Microsystems, Palo Alto, CA) using software written for IDL (Research Systems Inc., Boulder, CO). Behavioral responses were smoothed using a boxcar kernel with a width of 30 points. Data from all fMRI trials were averaged to generate a single response for each session. CS-and US-alone trials during pseudoconditioning were averaged separately. Before statistical analysis, EPI data were corrected for ghost artifacts and geometrical distortion using previously described methods (Chen and Wyrwicz, 2001) . Activation maps were generated using a clustering algorithm (Tom et al., 1998) , with seeding and clustering thresholds of 0.7 and 0.65, respectively. These two thresholds are correlation coefficients and govern the number and spatial extent of the clusters, respectively. In general, higher thresholds require a higher degree of similarity between neighboring voxels to assign them to the same cluster. Regions of interest (ROIs) within Larsell's hemispheric lobule VI (HVI) and the anterior interpositus nucleus (IPA) were selected, and the temporal responses of pixels within those areas were averaged to generate a mean response across time for each region. These responses were then averaged across subjects and were examined during four stages: pseudoconditioning, 40 and 80% CRs during training, and CS-alone memory trials after training. We chose a level of 40% CRs to examine early acquisition and a level of 80% CRs to examine brain activation when conditioning was well established.
Results
The rabbits adapted well to the restraint and imaging environment and showed no obvious sign of movement or struggling during the experiments. All animals reached the learning criterion of at least 80% CRs within 10 training sessions. Eyeblink responses from a representative animal are shown in Figure 1 for pseudoconditioning, training (40 and 80% CRs), and CS-alone memory trials. The baseline preceding CS onset is relatively flat, because rabbits tend to have few spontaneous eyeblinks. The small rectangular artifacts were caused by the pulsed field gradients of the EPI sequence. Animals responded only to the US during pseudoconditioning, as seen from the large voltage change that occurs after US onset. In contrast, after training (40 and 80% CRs), the animals began to blink in response to the CS, before US presentation, providing clear evidence of a learned behavioral response to the delay paradigm. Note the longer duration of the temporal responses present at 80% CRs and memory trials compared with 40% CRs. CRs were also evident in the memory trials of the final session, in which the well trained animals blinked when only the CS was presented. Figure 2a shows functional images of the cerebellum from a single animal. The images reveal distinct differences in the evolution of the blood oxygenation level-dependent (BOLD) response between the cortex and deep nuclei. Neither region was active in response to either CS or US presentation during pseudoconditioning. At 40% CRs, the cortex showed significant bilateral BOLD decreases, whereas significant bilateral increases were seen in the deep nuclei. However, as the rabbit reached 80% CRs, the area of the response in the deep nuclei shrank visibly on both sides, and the magnitude of the ipsilateral side increased. In contrast, the ipsilateral and contralateral sides of the cortex were similar in the area and magnitude of the BOLD response at this stage. During CS-alone memory trials, the contralateral response in the deep nucleus was completely absent, whereas the cortex again displayed similar areas of response on both sides. Note the difference in BOLD response to the CS in pseudoconditioning versus memory trials. This difference presumably reflects brain activity required for the performance of the learned response. Thus, although both the ipsilateral and contralateral deep nuclei appear to be engaged early in the acquisition of the delay paradigm, albeit to a greater degree on the ipsilateral side, contralateral involvement diminishes greatly with training and is not necessary for memory trials immediately after training. In contrast, the cortex shows a consistent bilateral response throughout training and memory trials. We should also note that BOLD responses appeared in the vermis during training and may reflect learningspecific changes in the autonomic system (Supple and Kapp, 1993) . The large signal intensity fluctuations that occur in the ventricles as a result of CSF pulsation resulted in an artifactual activation within the fourth ventricle at 40% CRs, as can be seen in Figure 2a .
A more comprehensive picture of the evolution of BOLD changes across the stages of training can be obtained by examining the temporal profiles of specific regions of interest averaged across all subjects. To quantify the temporal response of these changes, regions including Larsell's HVI and the IPA, outlined in yellow in Figure 2a , were selected in each animal. Figure 2b shows the time course profiles averaged across subjects (n ϭ 4) for these two regions on the ipsilateral side. No activation appeared in either ROI during pseudoconditioning. At 40% CRs, however, the IPA showed a strong positive activation (3.8%), whereas HVI showed a negative response (Ϫ2.5%) of similar duration. The responses in both regions lengthened in duration by 80% CRs, and the response in HVI decreased in amplitude. Temporal profiles in both regions were longer during memory trials, relative to 40% CRs. However, whereas the response amplitude in the IPA visibly decreased, the amplitude in HVI was relatively unchanged. Note the contrast between CS-alone trials performed during pseudoconditioning and those performed after training. Figure 2c shows the responses of the contralateral HVI and IPA. As with the ipsilateral side, neither region is active during pseudoconditioning. The temporal profile from HVI at 40% CRs is similar in magnitude and duration to the ipsilateral side, and both decrease in magnitude and broaden in duration at 80% CRs. During memory trials, the temporal response in HVI is again longer, relative to the response at 40% CRs, and parallels the ipsilateral response in amplitude and duration. In contrast, the magnitude of the mean IPA response at 40% CRs is significantly lower (1.0 vs 3.8% on the ipsilateral side). Activity in the contralateral IPA diminishes even further at 80% CRs and is absent during memory trials.
Discussion
Our fMRI results from the cerebellum demonstrate a striking evolution of BOLD activity in both cortical and deep nuclear regions across the stages of the experiment in terms of response laterality, area, and time course and are consistent with a circuit hypothesized to mediate classical EBC, as described by Thompson (1986 Thompson ( , 1990 . In the proposed circuit, the CS and US pathways project via the pontine nuclei and rostral dorsal accessory olive, respectively, to both the ipsilateral HVI and IPA. Converging CS-US inputs in the cerebellar cortex are predicted to cause depression of Purkinje cell activity with a subsequent release of inhibition in the deep nuclei, which project to the motor circuitry to mediate CR expression. Findings by Gould and Steinmetz (1996) have suggested that depression of cortical Purkinje cell activity occurs together with increased activity in the IPA to produce CRs. The similarity of the BOLD response durations (Fig.  2b ) of these regions suggests that HVI does not merely trigger activity in the IPA but that their activity occurs in parallel, indicating a consistent modulation of the IPA by HVI. Such a mechanism would account for the results reported by Yeo et al. (1985b) and Gruart and Yeo (1995) , who showed that bilateral lesions of the cortex were necessary to abolish CRs. Interestingly, the duration of the responses in both regions appears to increase consistently over the course of training. A parallel increase in duration can be seen in the behavioral responses at 80% CRs and memory trials relative to 40% CRs.
We observed a consistent decrease in activated area in the deep nuclei across training. This pattern may suggest a refinement of the learned response as the strength of the association increases and the behavioral response converges from a more widespread response to that of the eyeblink alone. Such refinement is known to occur in well trained animals , and therefore a corresponding modulation of the BOLD response over time should be expected. The BOLD response during memory trials was particularly striking when compared with CS-alone trials during pseudoconditioning. Although these two responses arose from identical CS stimulation, no activity was observed during the initial unpaired presentations of the CS during pseudoconditioning, whereas both cortical and deep nuclear regions were engaged during memory trials, indicating a change in the significance of the CS with training and the establishment of a learned BOLD response to the CS in the cerebellum.
Because of the double decussation of most cerebellar inputs and outputs, cerebellar cortical and nuclear activity related to EBC is expected to occur primarily ipsilateral to the stimulated side. However, involvement of the contralateral cerebellum in EBC is not unexpected in light of previous findings. Eyeblink CRs have been observed in the eye contralateral to the US, although they were small relative to the ipsilateral side (Disterhoft et al., 1977) . McCormick et al. (1981) reported coordinated plasticity in the contralateral cerebellar system during EBC. These results were further supported by Lincoln et al. (1982) , who demonstrated that training to one eye before ipsilateral cerebellar lesion facilitated subsequent learning in the contralateral eye. Lavond et al. (1994) showed that continued training of rabbits with IPA lesions facilitates acquisition when training is switched to the contralateral eye. Gruart and Yeo (1995) investigated the role of the contralateral cerebellar cortex in EBC by examining the effects of unilateral versus bilateral cortical lesions and found that bilateral lesions of HVI were necessary to prevent relearning of conditioned responses. Ivarsson et al. (1997) report bilateral disruption of CRs by unilateral cerebellar blockade, suggesting involvement of the contralateral cerebellum. Our observations that contralateral activity in HVI persisted throughout training and memory trials and that the contralateral IPA became active early in training but diminished over time agree well with these previous studies. By examining activity at different stages of learning, these results provide more direct evidence that the contralateral HVI and IPA are involved in EBC and exhibit significant evolution with learning. The pattern of this evolution indicates that the cerebellar cortex influences bilaterally the development of the CR and that, early in training, the deep nuclei are also engaged bilaterally, which suggests that both hemispheres are actively involved in unilateral expression of CRs. The reduction of the contralateral response in the IPA late in training and during memory trials, however, indicates that the nature of this involvement changes over time.
The concurrent deactivation in HVI and activation in IPA that we observed are consistent with the hypothesis that long-term depression of Purkinje cell activity may contribute to the formation of CRs. Such an effect has been shown to occur in response to pairing-specific stimulation of CS and US pathways and has therefore been proposed to influence the formation of the CS-US association during classical EBC (Schreurs et al., 1996) . BOLD decreases in the cortex that we observed only in response to CS-US pairing and the increased activity in the deep nuclei are in agreement with the proposed circuit described above. Although we lack the spatial resolution to determine whether the decreased BOLD response in HVI is attributable to Purkinje cells specifically, our results agree with the proposed model, showing a large positive BOLD response in the IPA, accompanied by a negative response in HVI beginning in the early stage of training. In an electrophysiological study, Thompson (1990) reported that 87% of 77 Purkinje cells from conditioned rabbits decreased their activity in response to the CS, whereas only 31% showed an increase in activity to the CS. Other studies (Berthier and Moore, 1986; Gould and Steinmetz, 1996; Katz and Steinmetz, 1997) are less in agreement and report a 2:1 ratio of increases versus decreases in simple spike firing, although this disagreement may reflect differences in the paradigm [Berthier and Moore (1986) used discrimination conditioning] or sampling biases, because active Purkinje cells are more easily detected and specifically sampled for analysis (Gould and Steinmetz, 1996) . The differences in excitation and inhibition of Purkinje cell responses may reflect the nature of the conditioned response and the mechanism necessary to properly time the response at the onset of the US. This mechanism would require inhibition of the IPA to correctly delay the CR and excitation to initiate the CR via the red nucleus and motor neurons. Our results, using the more macroscopic technique of fMRI, suggest that the overall role of HVI during delay EBC is to release inhibition in the IPA to generate a CR, as predicted by Thompson (1986 Thompson ( , 1990 .
Several PET studies, as well as a single fMRI study in human subjects, have also shown significant cerebellar activity during delay EBC in human subjects. However, there is some inconsistency in the human data. Molchan et al. (1994) and Schreurs et al. (1997) reported bilateral regional cerebral blood flow (rCBF) decreases in the cerebellar cortex after conditioning, in agreement with our findings, as well as ipsilateral decreases during extinction. Blaxton et al. (1996) reported both increases and decreases in rCBF bilaterally, whereas Logan and Grafton (1995) observed ipsilateral increases in glucose metabolism in this region. Surprisingly, only Logan and Grafton (1995) observed activation in the ipsilateral deep nuclei. Using fMRI, Ramnani et al. (2000) showed primarily ipsilateral learning-related BOLD decreases in the cerebellar cortex, with a weaker contralateral component, and also observed contralateral BOLD decreases related to sensory prediction in this region. However, they detected no activity in the deep nuclei. One source of this inconsistency could be the weaker field strength of the magnet used in the human studies, which produces a weaker BOLD response. Furthermore, if the activated extent of these regions decreases with learning, as our results have indicated, the faster CR acquisition in human studies across a single session could obscure small responses after the averaging of several trials. The slower rate of learning in an animal model of EBC may more easily reveal with fMRI the progression of changes at different stages of learning.
In conclusion, our results illustrate the advantages of using fMRI to investigate EBC in the rabbit. We demonstrated striking differences in the activity of the cerebellar cortex and deep nuclei, which evolved across training in terms of laterality, area, and time course. Lesion and electrophysiological studies, as well as functional imaging studies in humans, strongly support the involvement of these regions in EBC. However, the animal model allows us to draw more directly on the extensive body of data obtained from rabbits over the last several decades, and the slower progression of acquisition in rabbits relative to humans has allowed us to study different stages of learning in greater detail. The ability of fMRI to visualize hemodynamic activity noninvasively and in multiple brain regions simultaneously in the conscious animal provides an important tool for understanding the circuitry underlying different stages of associative learning and memory consolidation.
